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Abstract 
 In this study C₁₂Al₁₄O₃₃ [mayenite] is computationally modeled, synthesized, and 
compared to literature in order to build a knowledge base for the further study of this compound.  
It is hoped that this study of mayenite will lead to the development of a new transparent 
conductive oxide that uses earth abundant elements instead of rare earth elements.  For this study 
polycrystalline mayenite was synthesized using traditional solid-state synthesis techniques, and 
growth of a single crystal was then attempted.  The VASP software package was then used to 
simulate the compound, both physically and electronically.  The results of the simulation were 
then compared to various literature sources and were found in good agreement.  This body of 
work will form the basis for another researcher to modify the chemistry in a virtual environment 
before synthesis.   
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CHAPTER I 
INTRODUCTION AND GENERAL INFORMATION 
Mayenite Background 
Mayenite is a calcium aluminate named for the Mayen region in Germany where the mineral was 
first discovered.  It has a cubic structure and crystallizes in the I-43d space group with a lattice 
constant of 11.989 Å [1].  The chemical composition is Ca₁₂Al₁₄O₃₃, written hereafter as C12A7 
for convenience.  There are two formula units per unit cell (Z = 2) resulting in a total of 118 
atoms in a single unit cell.  C12A7 is located in the CaO-Al₂O₃ binary phase diagram between 
3CaO•Al₂O₃ (C3A) [2] and CaO•Al₂O₃ (CA) [3] at approximately 52-53 wt% Al₂O₃ in Fig. 1.  
Since there is no solid solution of Mg on to the Al sites or vice versa it is a line compound with a 
strict stoichiometery for achieving single phase.  
One of the features of mayenite is the antizeolitenano-porous structure.  The calcium, aluminum, 
and oxygen atoms arrange themselves into a framework that forms cages, and each unit cell 
contains 12 cages.  The framework of the 12 cages requires all but two of the oxygen atoms per 
unit cell.  These two extra oxygen atoms are loosely bound inside two of these cages and charge 
balance the positively charged framework.  These two extra oxygen atoms, referred to as extra-
framework oxygens, and are directly linked to the unique physical properties of C12A7.  Passing 
through two of the calcium atoms is an S4 symmetry axis, hitherto referred to as the axial 
calcium atoms.  These two calcium atoms are convenient to identify since they are axially 
coordinated with the extra-framework oxygen atom bound in the cage when the extra-framework 
oxygen atoms are present.  Figs. 2 and 3 show the cages both with and without clathrated oxygen 
atoms, respectively.   
There are only two extra-framework oxygen atoms and twelve cages per unit cell, the extra-
framework oxygen atoms move from cage to cage, or are semi-localized similar to the way that 
the four electrons are semi-localized in cages when they replace the oxygen atoms.  These 
unbound, semi-localized electrons are responsible for the electrical conductivity of the electride 
form of this material.    
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Since there are two extra-framework oxygen atoms there are essentially three structures that will 
be analyzed via DFT.  The first case is the stoichiometric case where two extra-framework 
oxygen atoms are present in each unit cell.  The second case is partially reduced where one extra-
framework oxygen atom is removed and one oxygen atom remains per unit cell, for convenience 
noted C12A7: 2e⁻.  Finally, the third case is the fully reduced case, where both of the extra-
framework oxygen atoms have been removed; this case shall be noted as C12A7:4e⁻. The goal of 
this study is to investigate the electrical properties of each of these compounds in both a 
theoretical and experimental manner. 
 
Density Functional Theory Background 
Density functional theory (DFT) is a modeling method used to simulate periodic systems for 
investigation the electronic structure of compounds.  The theory behind DFT is based on using 
the known ground state density of a system to determine many of the ground state physical 
properties of the system.  The basis of DFT is quantum physics where all particles can be 
described as wavefunctions and as such can be defined as in Equation 1: 
   Eq.1 [4] 
E is the energy, Ψ is the wavefunction, and H is the Hamiltonian.  This is known as the 
Schrödinger equation, and it can be rewritten into the form given in Equation 2: 
𝐸𝛹 𝑟 =   
ħ
2
2𝑚
∇2 +  𝑉 𝑟  𝛹(𝑟)  Eq. 2 [4] 
Where V(r) is the potential energy and 
−ħ2
2𝜇
∇2 is the kinetic energy and these two terms make up 
the Hamiltonian.  For any external potential energy𝑉𝑒𝑥𝑡 (𝑟) there is a unique density and 𝑉𝑒𝑥𝑡 (𝑟) 
is defined as the interaction of the positively charged, slow moving nuclei and the negatively 
charged fast moving electrons.  Once the ground state density,𝑛0(𝑟), is determined the 
Hamiltonian is fully described and with this full description, all of the information about a 
system is known; from the ground state properties to the excited state properties. The only issue 
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with this particular set of formulae is that any system, so described, is a many-body system and, 
as such, difficult to solve exactly. 
Hohenberg and Kohn (HK) worked to bridge the gap between the external potential and the 
ground state density of a system.  If the external potential is known then the wavefunction is 
known, if the wave function of a system is known then the ground state wavefunction is known, 
and finally if the ground state wavefunction is known then the ground state density is known.  
This HK formulism does not, however, simplify solving the Hamiltonian but rather it presents a 
simpler way to go from the external potential to the ground state density. 
In order better solve the Hamiltonian Kohn and Sham (KS) worked together to describe a 
method that would turn the many-body problem into a simpler problem.  KS reconfigured Eq. 2 
into the form given in Equation 3: 
 −
ħ
2
2𝑚
∇2 +  𝑣𝑒𝑓𝑓  𝑟  𝜑𝑖 𝑟 =  𝜀𝑖𝜑𝑖(𝑟)  Eq. 3 [5] 
This changed V(r) in Eq. 2 into𝑣𝑒𝑓𝑓  𝑟 , a necessary change to deal with the many-body problem.  
The effective potential that KS developed is described in Equation 4:   
𝑣𝑒𝑓𝑓  𝑟 =  𝑣𝑒𝑥𝑡 (𝑟) +  𝑒
2  
𝜌(𝑟 ′)
 𝑟−𝑟′ 
𝑑𝑟 ′ +  
𝛿𝐸𝑥𝑐 [𝜌]
𝛿𝜌 (𝑟)
  Eq.4 [5] 
Where 𝑣𝑒𝑥𝑡 (𝑟) is the external potential described as the interaction of the nuclei and the 
electrons;  𝑒2  
𝜌(𝑟 ′)
 𝑟−𝑟 ′ 
𝑑𝑟′ is the Hartree potential or the electric field created by the electrons, and 
𝛿𝐸𝑥𝑐  𝜌 
𝛿𝜌 (𝑟)
 is the exchange correlation.  With this interpretation of the Schrödinger equation the 
many-body problem is turned into a single body problem.  The interactions between the electrons 
and the nuclei is described in the external potential term, the electron-electron interactions are 
described in the electric field term, and the exchange correlation potential is described by the 
remainder of the equation or 
𝛿𝐸𝑥𝑐 [𝜌]
𝛿𝜌 (𝑟)
.  This has turned the exact solution of the Schrödinger 
equation from something that is only solvable in the simplest of systems into something that can 
be used to solve any system.  One important ramification of the KS formulism is that the 
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exchange correlation term is both important and ill defined leading to several interpretations for 
the exchange correlation potential. 
The most common form of potential describing the atoms, also called pseudopotentials, is the 
projector augmented wave (PAW).In the PAW method for generating pseudopotentials, the core 
of the atom is considered static or frozen.  The wavefunctions of the valence electrons are then 
approximated in such a way that the rapid oscillations of these wavefunctions close to the core 
are smoothed out.  This makes it easier and computationally more efficient to run calculations. 
The most common exchange correlation methods are the local-density approximation (LDA) and 
the generalized gradient approximation (GGA).  For The GGA functional can then be further 
broken down into multiple types and the Perdew-Burke-Ernzerhof (PBE) is one of the most 
common types of GGA used.   
LDA the spin states for electrons are neglected and the exchange correlation energy can be 
written as in Equation 5: 
𝐸𝑋𝐶
𝐿𝐷𝐴 𝑛 =  𝜀𝑋𝐶 𝑛 𝑛(𝑟)𝑑
3𝑟  Eq.5 [6] 
For GGA the spin states for electrons are accounted for and the exchange correlation energy can 
be written as in Equation 6: 
𝐸𝑋𝐶
𝐺𝐺𝐴  𝑛↑, 𝑛↓ =   𝜀𝑋𝐶(𝑛↑,𝑛↓,∇𝑛↑,∇𝑛↓)𝑛(𝑟)𝑑
3𝑟  Eq.6 [7] 
Another method used in the exchange correlation approximation is the Hartree-Fock (HF) 
approximation and is a more exact approach than either the LDA or GGA approaches.  In the HF 
approach the orbitals are described by defining a set of n coupled equations for the n spin 
orbitals.  While GGA and LDA were designed to rapidly and efficiently process the information 
required in DFT calculations, the more accurate HF approximation is not designed to be 
processed rapidly or efficiently and are much more computationally demanding and expensive 
than either of the other approximations. 
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Defining parameters 
The Vienna ab-initio simulation package or VASP was used to perform the DFT calculations 
discussed in this project.  There are four primary files that VASP uses to perform the 
simulations.  These files are the POSCAR, POTCAR, INCAR, and KPOINTS files.   
The POSCAR file is an input file containing the atomic positions of all of the atoms in the 
system and contains the pseudopotentials for all of the atoms in the system describing the atoms 
in electronic terms.  The KPOINTS file is used to create a mesh of points in k-space that will be 
sampled.  The higher the kpoint density the more computationally demanding and expensive the 
calculation.  The INCAR file is most complicated and controls the parameters that VASP is 
using to perform the simulation.  
In order to keep computational requirements as low as possible the precision with which these 
calculations were run was held at a medium level, except for density of states, or DOS, 
calculations.   The energy cut-off, a convergence criterion where the value can be set higher or 
lower depending on the system but with the qualification that the higher the energy cut-off for 
the system the more computationally expensive it becomes to run, was set to 500 eV.   Another 
convergence criterion is the energy difference tag that controls the total energy for the electronic 
system by limiting the amount the system can vary prior to converging and stopping the 
calculations.  In this series of simulations the energy difference tag was held to 1.0e⁻⁰³.  Similar 
to the energy difference tag is the ionic energy difference tag or EDIFF and is used as a 
convergence criterion for the ionic relaxation.  For this series of simulations the ionic energy 
difference was kept at 0.1e⁻⁰².  The pseudopotentials used in all of the DFT studies were PAW, 
or projector augmented wave, pseudopotentials [8]. 
For density of states calculations the partial occupation of bands is important.  The tag in VASP 
that handles this particular function is ISMEAR.  Since mayenite can exist as both an insulator 
and an electride (electron conductor) the ISMEAR tag has to be adjusted as necessary.  Natural 
mayenite is insulating and a corresponding value of 0 or -5 can be used for the ISMEAR.  For 
this particular case an ISMEAR value of 0 was used because the system is considered ‘large’ 
with having 118 atoms per unit cell.  However, when mayenite is fully reduced it behaves like an 
electron conductor and for these cases the ISMEAR value must be adjusted to account for the 
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electrical conductivity.  For the fully reduced case, C12A7: 4e⁻, an ISMEAR value of 1, typical 
for metals, is used.  For the case of partially reduced mayenite, C12A7: 2e⁻, both of these values 
were used and the resultant data screened for plausibility.   
The functionals used for these calculations were GGA PS [9] and HSE06.  The GGA PS 
functional was used for rapid accurate simulations of mayenite.  As the reduced forms of 
mayenite have partially localized electrons the GGA PS functionals cannot be used to accurately 
predict electronic or ionic properties since the bandgap is traditionally undershot using this 
method.  However, this is not to say that the properties calculated by VASP using GGA PS are 
without merit.  Even though the electronic structure information determined from using a rapid 
calculation method like GGA PS may not be accurate it is possible to detect trends with this type 
of calculation. Using GGA PS, which performs calculations quicker and with greater ease, 
allows for general trends like bandgap narrowing/widening and band formation due to dopants to 
be detected.  Using a functional like HSE06 can correctly predict and simulate bandgaps, but at 
the price of being extremely computationally expensive.  To combat the prohibitive nature of 
performing all of the calculations using the HSE06 functional, the GGA PS functional can be 
used to predict gross behavior and then detailedHSE06 simulations can be used to confirm the 
behavior.  In this way mayenite with various defects introduced to improve the electronic 
properties can be rapidly simulated. 
The HSE06 functional uses both GGA PE and HF calculations in the simulation.  In order to 
accommodate this usage of two functionals the INCAR file needs to be adjusted.  The most 
important tags to be added are the amount of exact exchange and the amount of GGA exchange.  
These two tags setup the amount that of the calculation handled by the GGA PE and HF 
functionals, respectively.  The exact exchange energy is given by Eq. 7: 
𝐸𝑥 𝑛 =  −
1
2
  𝑑𝑟𝑑𝑟 ′
𝜑 𝑖
∗ 𝑟 𝜑𝑗
∗ 𝑟 ′ 𝜑𝑗  𝑟 𝜑 𝑖(𝑟
′)
 𝑟−𝑟′ 
𝑜𝑐𝑐
𝑖𝑗   Eq. 7 [10] 
This exchange energy is used in the third term of Eq. 4.  Due to the more exact nature of these 
calculations they are much more computationally expensive than GGA PS calculations.  
However, it is this computationally expensive procedure that accurate electronic properties can 
be simulated. 
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CHAPTER II 
LITERATURE REVIEW 
C12A7 is mostly used in the making of aluminous cement.  However, the exchange of the 
occluded oxygen anions for other anionic species leads to a variety of interesting properties and 
applications beyond cement.  One of the extraordinary features of C12A7 of interest in industrial 
applications is the optical transparency of the stoichiometric mineral.  In its native form C12A7 
appears to be a fine, whitish, and powdery mineral, which becomes transparent when processed 
into a single crystal   
There is a movement in transparent conductive oxide (TCO) industry, where applications include 
touch-sensitive electronics, to find earth-abundant compounds that can mimic the properties that 
indium compounds, currently the most used TCO is indium tin oxide or ITO.  This is in a large 
part due to the demand of ITO and the scarcity of In, a major constituent in the compound.  
Using a C12A7, compound that is both electrically conductive and optically transparent, as a 
low-cost and sustainable substitute for ITO is an attractive option. If C12A7 can be made to 
conduct electricity while maintaining its optical transparency, then it would be a much less 
expensive alternative to ITO.  At the time of writing, however, there has not yet been a method 
of maintaining optical transparency and increasing electrical conductivity. 
An exploration into complete optical transparency in the visible spectrum while maintaining 
electrical conductivity was conducted by J. E. Medvedeva and A. J. Freeman [11].  It is 
suggested that in order to maintain complete optical transparency and electrical conductivity a 
band gap of 6.2 eV is required with a band of impurities at the Fermi energy with a width of no 
more than 1.8 eV.  This is illustrated in Figure 4.   
Use of C12A7 as an inorganic electride was investigated by Zhenyu Li et al. [12].  The band 
structure of both C12A7 and C12A7:4e⁻ were calculated using VASP for Li’s investigation, and 
it was found that C12A7 should be considered an inorganic electride even though if differs 
considerably from the inorganic electride model put forth by Matsuishi, S. et al. [13] and Sushko, 
P. et al. [14].   
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After the ability to reduce C12A7 into C12A7:4e⁻ was discovered many novel uses for this new 
inorganic electride became apparent.  With the increased interest in C12A7:4e⁻ in the past few 
years, there have been a number of applications for which this inorganic electride is now 
patented for use.  The primary use for the fully reduced form of mayenite is as a microelectron 
source [15] with many existing and potential electronic applications.  If, however, this compound 
can be engineered into being both electrically conductive and optically transparent, this material 
could become extremely valuable to the electronics industry.   
Along with attempts at understanding the electronic structure of C12A7 and making the material 
both optically transparent and electrically conductive, there has been considerable interest in the 
diffusion of various elements through the C12A7 structure.  One of the foremost authorities on 
the disorder, diffusion, and characterization of C12A7 is the group from the Technische 
Universität München headed by Hans Boysen.  Boysen et al. [16, 17] has investigated how 
oxygen, nitrogen, and iron diffuse through the C12A7 structure.  While the investigation into the 
diffusion of various elements through the C12A7 structure was conducted by Boysen et al., 
Sushko, P. et al. used ab-inito molecular dynamics to model the behavior of oxygen diffusing 
through the C12A7 structure [18]. 
Sushko et al. [18] suggest that instead of interstitial diffusion mechanism being the primary path 
for oxygen conduction through the structure substitutional diffusion should be the primary path 
of transporting oxygen through the C12A7 structure [16, 18].  Figures 5 and 6 illustrate the 
oxygen diffusion paths and mechanisms investigated by Sushko et al. [18]. Figure 5 illustrates 
two of the cages in the C12A7 structure where an oxygen atom in cage ‘a’ will diffuse into cage 
‘b’.  The interface between these two cages is shown in Fig. 6.  There are four possible paths that 
an oxygen atom could take to get from cage ‘a’ to cage ‘b’ as illustrated in Fig. 6.  The three 
substitutional diffusion paths are labeled ‘b-d’ and the single interstitial path is labeled ‘a.’   
The energy required to move an oxygen atom through any of the four paths can be seen in Table 
1 [18].  For any of the substitutional paths (b-d) the clathrated oxygen atom in cage ‘a’ in Fig. 5 
will take the place of one of the three framework oxygen atoms in Fig. 6. The framework oxygen 
atom will then become the clathrated oxygen atom in cage ‘b’ in Fig. 5. It can be seen that the 
path with the lowest energy requirement is the substitutional path labeled ‘d.’   
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These results indicate that the number of nearest neighbor Al atoms directly influences the 
energy required to move an oxygen atom via substitutional diffusion.  From Fig. 7 it can be seen 
that the average Ca-O bond distance is 2.43Å while the average Al-O bond distance is 1.76Å.  
This means that the bonds between the Al and O atoms are stronger than the bonds between the 
Ca and O atoms.  With this consideration in mind the path with the lowest number of nearest 
neighbor Al atoms should be the path with the lowest energy requirement.   
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CHAPTER III 
MATERIALS AND METHODS 
Synthesis 
Polycrystalline mayenite was synthesized using the solid state technique where calcium 
carbonate (CaCO3) and alumina (Al2O3) were combined in a stoichiometric ratio, mixed 
thoroughly, and then calcined at 1250 ˚C for 24 hours [19].  Fig. 1 shows that there are two 
compounds on either side of C12A7; C3A and CA.  C3A is a cubic compound with a lattice 
parameter of 7.62 Å [9] and CA is a monoclinic compound with lattice parameters of a = 8.69,    
b = 8.09, and c = 15.21 Å [3].  In order to prevent the formation of C3A 1 mol% excess of Al₂O₃ 
is added to the mixture [19].  This should favor the formation of the CA phase which segregates 
to the outside of growing crystals and can be mechanically removed once the crystal is grown 
[19].  Extreme care was taken to ensure that the sample is not contaminated with either silicon 
(Si) or zirconium (Zr) requiring that the mixture was not mixed in a conventional zirconia or 
agate mortar and pestle. 
In order to accommodate this both the mixing bowl and spheres used for mixing were 
constructed from polyamide.  An Analyzette Spartan Pulverisette 0 was used for the mixing.  
Currently the company only supplies alumina, zirconia, or agate mixing bowls and spheres so it 
was necessary to design and construct the polyamide bowl and hardware necessary to fix the 
bowl to the mixer.  The designs for the mixing bowl, lid, tie-down strap, and adapter plate are 
located in the appendix (Figs. 8 and 9). 
Once the polycrystalline mayenite was synthesized it was characterized using X-ray powder 
diffraction (XRD) to determine if any impurities were present. XRD data were collected on a D2 
Phaser from Bruker.  The XRD data were used to refine the amounts of the three different phases 
(C12A7, C3A, and CA). 
XRD data showed that the initial synthesis yielded a two mixture of C12A7 and C3A. To move 
the mixture from the C12A7 + C3A two phase field and into the C12A7 + CA phase field an 
additional 2 mol% Al2O3 was added to the C12A7 and C3A mixture.  The mixture of C12A7, 
C3A with additional Al2O3was then fired two times at 1250˚C for 24 hours with a ramp rate for 
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both heating and cooling of 300˚C/h.  XRD data confirmed that this yielded a mixture of 80% 
C12A7 and 20% CA, the desirable phases to grow a single crystal.  Figure 10 shows the 
histogram generated by GSAS after Reitveld refinement and Fig. 11 shows the weight fraction of 
each of the constituents. 
After verification of the phases the resulting powder was then isostatically pressed into rods, 
sintered, and then placed into an infrared float zone (IRFZ) furnace for the growth of single 
crystal rods.  In order to isostatically press the powder into rods the powders were contained in 
latex tubing.  Unfortunately, traditional latex tubing purchased from retailers is often destined for 
applications in the medical field and contain talc as an anti-agglomeration agent.  Talc’s 
chemical composition is Mg₃Si₄O₁₀ and the inclusion of Si in the from the traditional latex 
tubing would be detrimental to the electronic properties so there use was not considered in the 
synthesis of single crystal C12A7, and the latex tubing necessary for pressing rods were hand-
made. 
The tubing was easily formed with latex milk by using a suitable cylindrical mold; the mold was 
dipped into the liquid latex and is allowed to dry.  This process was repeated at least three times 
to produce tubing of sufficient wall thickness to accommodate the high pressures exerted during 
the pressing.   
The latex tubes were then loaded with powdered mixture and the tubes loaded into a suitable 
pressure vessel.  After the pressure vessel was loaded with 70 MPa the latex tube was removed 
and the rod extracted from the latex tubing.  Rods formed by this method were subsequently 
fired at 1350˚C for 24 hours with a ramp rate, for both heating and cooling, of 60˚C/h. 
The furnace used for crystal growth was a SC1 MDH IRFZ furnace equipped with two 1500W 
bulb.  The feed and seed rods were loaded into the IRFZ furnace and were rotated in different 
directions.  The voltage to the single 1500 watt bulb was increased until the tip of the feed rods 
began to melt. Once the feed rod began to melt, the feed and seed rods were slowly brought 
together and then the entire assembly was moved at a prescribed rate through the focal point of 
the infrared (IR) light. This movement through the focal point of IR light created a melt zone that 
slowly moved through the feed rod.  As this melt zone moved through the feed rod the feed rod 
slowly melted and material was added to the melt zone as melted material cools and solidifies 
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slowly for producing high density boules. Figure 12 show a schematic of the IRFZ growth 
method [20]. 
For the production of single crystal mayenite a two-stage IRFZ growth cycle was recommended 
[20].  During the first stage, the melt zone was moved along at 5mm/h and the feed and seed rods 
were counter rotated at a rate of 10 rpm.  After the first stage was complete the counter-rotation 
of the rods was stopped and the furnace was turned off.  This allowed the rod to solidify and 
move back to its starting position without breaking.  Once the rod was back in its starting 
position the process was started over again and the rate at which the melt zone was moved was 
slowed from 5mm/h to 0.5mm/h.   
The parameters for the initial crystal growth experiment were subsequently modified to include 
differential counter rotation rates with the feed rotating at 15 rpm and the seed rotating at 10 rpm.  
The rate of the movement of the melt zone was also increased from 5mm/h to 15mm/h for the 
first stage of growth.  The second stage melt zone movement rate was kept the same at 0.5mm/h.  
This change in the processing method was not beneficial to the growth of defect-free single 
crystal C12A7. 
Fig. 13 shows the sintered C12A7 + C3A rod before being placed in the IRFZ furnace.  This rod 
was dense enough that it was not recommended that a hole for mounting in the IRFZ furnace be 
bored into the rod.  In order to melt the tip of the rod in Fig. 10 a voltage of 57V was used.  After 
the feed and seed rods were joined the voltage was reduced to 50V to form a stable melt zone, 
and the rods were moved at the rate described above.  After the first stage of the IRFZ processing 
was completed the rod was removed and the result is shown in Fig. 14. The rod was placed back 
into the IRFZ furnace for the second stage. 
Fig. 15 shows the rod after it was removed from the IRFZ furnace the second time.  The image 
reveals a swirl pattern of clear and whitish crystals throughout the rod.  It is believed that this 
pattern is the result of the differential counter rotation rates of the feed and seed rods.  The white 
crystal formations in the interior of the crystal could be the C3A phase. 
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CHAPTER IV 
RESULTS AND DISCUSSION 
Density Functional Theory Results and Discussion 
For the initial relaxations three states have been chosen: the stoichiometric state with the 116 
framework atoms and two extra-framework oxygen atoms (118 atoms total), the partially 
reduced state with one extra-framework oxygen removed (117 atoms total), and the fully reduced 
state where all extra-framework oxygen atoms have been removed (116 atoms total).  The initial 
lattice constant used was 12.11Å, and was input along with an atomic positions suggested by 
Polfus et al. [21].  Prior to any calculations being performed each of these structures must be 
‘relaxed.’  In terms of the VASP software package each of the atoms must be able to move into 
positions that lower the overall energy of the system to the lowest possible energy.  When the 
three systems have been fully relaxed, additional calculations can be run to ascertain the DOS 
and band structure.   
For determination of the lattice constant of each of the three cases constant volume calculations 
were performed.  For these calculations the volume of the unit cell was held constant and the 
total system energy was calculated.  The lattice constant is then changed by a specified 
percentage and the new energy was then calculated.  This procedure is then repeated until a 
parabolic graph is generated showing the lowest energy configuration for the system.  For the 
initial calculations the change in volume is 0.3% then for the second set of calculations the 
change in lattice volume is 0.1%.   
For the stoichiometric system the initial lattice constant versus energy graph is shown in Fig. 16: 
To ensure that the calculated minimum is the lowest possible energy or the global minimum 
instead of a local minimum, a second calculation around the new minimum was performed and 
the results are shown in Fig. 17.  Note the smaller energy and lattice parameter ranges in Fig. 17 
compared to Fig. 16. 
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From Figs. 16 and 17 it can be seen that taking a two-step approach to structural optimization is 
an excellent method for determination of a lowest energy unit cell.  The final lattice constant is 
within 0.007% of the literature value [1].   
For the two reduced structures the initial structure was changed by removing at least one of the 
extra-framework oxygen atoms and moving the two axial calcium atoms to relaxed positions. 
The minimum calculated from the second order polynomial fit to the data is 11.9967 Å or is 
0.14% larger than the final optimized lattice constant for the stoichiometric system (118 atoms). 
It can be seen that the two-step method for structural optimization allows the system to find a 
global minimum rather than a local minimum.  In each of the three cases (Figs. 16-21), there was 
a reduction in the lattice constant from the initial relaxation to the refined relaxation. It should 
also be mentioned that the lowest energy lattice constant gets progressively larger as the extra-
framework oxygen atoms are removed.  The difference from the initial literature value starts at 
0.007% for the stoichiometric structure to 0.23% for the fully reduced structure [8].  There is an 
indication that this increase in lattice constant is an artifact, or defect, from the DFT software 
package.  According to Matsuishi et al. [22] there should be no difference in lattice constant 
between the stoichiometric structure and the fully reduced structure.  The increase in lattice 
constant is suspected to be attributed to the increasing positive charge of the framework, or 
electron localization from charge balancing the system.  These unbound electrons are a feature 
that the GGA PS functional does not deal with particularly well. 
Two other functionals were considered for this experiment as well; GGA PE and HSE06.  
HSE06 is a hybrid functional and utilizing this functional increases the computational workload 
considerably while GGA PE is simply another type of GGA functional. Because of the increased 
computational workload of the HSE06 functional there is only the initial relaxation results are 
currently available.  The GGA PE functional was initially tried but the results showed a lattice 
constant larger than both the GGA PS and HSE06 so further simulations using GGA PE were not 
performed after the initial relaxation.   
Figures 22 and 23 show the initial lattice constant vs. energy graphs for both the HSE06 and 
GGA PE functionals, respectively.  Both of these functionals produced relaxed lattice constants 
that were larger than the GGA PS functional.  Further experimentation with the GGA PE 
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functional was deemed unnecessary as the GGA PS functional provided a lattice constant much 
closer to the literature value.   
Once the three structures were optimized, or fully relaxed, the band structure calculations were 
performed. Stoichiometric mayenite is a wide band gap semiconductor, or an insulator, and the 
fully reduced mayenite structure is an electron conductor.  These differences are important to the 
software package (VASP) and there is a variable, ISMEAR, built into the software to 
accommodate this difference. If ISMEAR is set to 0, 1, or -5 then the software package treats the 
partial occupancy of a wavefunction as an insulator or semiconductor, respectively.  0 is used for 
‘large’ systems and was used for these calculations.  If ISMEAR is set to 1 then the material 
simulated is treated as a metal.  Therefore, the stoichiometric mayenite structure should have 
ISMEAR set to 0 while the fully reduced structure has this same variable set to 1.  This does not, 
however, address the partially reduced system.  Does the partially reduced structure behave like a 
metal or an insulator?   
While the ISMEAR variable describes how VASP deals with the electron wavefunctions the 
‘resolution’ of the band structure calculations is controlled by two different variables; SIGMA 
and the KPOINT mesh size.  It stands to reason that the finer the KPOINT mesh the finer the 
resolution of the final band structure.  The reason for this being that as the overall number of 
KPOINTS increases the software package is forced to analyze more points and this leads to finer 
detail resolution. There is, however, a limit to the resolution of the increased KPOINT grid, and 
this is due to the increased computational load from the increased number of KPOINTS. 
The second variable, SIGMA, is somewhat more ambiguous.  Decreasing the SIGMA value 
seems to increase the scan resolution up to a point, but after that point detail is lost.  The reason 
for this is that the SIGMA variable deals with the smearing of wavefunctions.  In order to have 
the best possible resolution for band structure and DOS calculations a large KPOINT mesh and a 
small SIGMA value are required.  The values of these two variables should be determined 
experimentally. 
Two KPOINT meshes were used in order to view the effects of KPOINT mesh size on DOS.  
The first KPOINT mesh attempted was 6x6x6 and the second mesh attempted was 8x8x8.  The 
smaller KPOINT mesh was attempted first in order to reduce the overall calculation time while 
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still maintaining fine detail resolution.  The results of the two KPOINT meshes are shown in 
Figs. 24 and 25. 
The important differences in the two KPOINT mesh sizes are apparent from Figures 24 and 25.  
The increase in KPOINT meshes has lead to an increase in the resolution of the DOS calculation.  
The relatively narrow feature from approximately 2 eV to 4 eV shows some features in Figure 25 
that are not shown in Figure 24, and the narrow double peak from 0.0 eV to -1.0 eV in Figure 25 
appears much sharper and more pronounced as the KPOINT mesh is increased. 
Figures 26-28 show the effects of SIGMA on the DOS calculations.  As the value of SIGMA 
decreases the overall resolution of the scans increases from 0.1 to 0.05, but from 0.05 to 0.01 
there is a loss of some features.  The narrow feature around -14.0 eV in Figures 26 and 27 is not 
present in Figure 28 as is the narrow feature from 0.0 to -1.0.  This is because the KPOINT mesh 
is not large enough to accommodate the smearing that has been set up by setting the SIGMA 
value at 0.01.  Based on this results, to achieve the highest possible resolution DOS and band 
structure calculations a KPOINT mesh of 8x8x8 and a SIGMA value of 0.05 were chosen. 
The feature of interest in Figs. 29 and 30 is the edge of the valence band.  This point is the 0.0 
eV point on the DOS calculations.  For the stoichiometric structure the edge of the valence band 
is at the end of the narrow feature starting at about -1.0 to 0.0 eV.  For the fully reduced structure 
the edge of the valence band falls within the narrow feature starting at -1.0 to 1.0 eV.  This 
means that the fully reduced structure’s valence and conduction bands are continuous, or rather, 
that the fully reduced mayenite structure is an electron conductor while the stoichiometric 
mayenite structure has a calculated band gap of around 2 eV.   
For the partially reduced mayenite both ISMEAR values, 0 and 1, were used to determine value 
would affect where the edge of the valence band was located. Figs. 31 and 32 show that the edge 
of the edge of the valence band is at approximately the same location for both the stoichiometric 
and fully reduced structures.  This suggests that as soon as the concentration of extra-framework 
oxygen atoms in the crystal reaches 50%, the material goes from being an insulator to being an 
electron conductor.  The exact oxygen concentration that is required for this turning point is not 
currently known, and the atom number limitations inherent in VASP makes it difficult, or at least 
extremely computationally expensive, to find the oxygen concentration via DFT.  The super cell 
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size required for this type of computation would be at least 2x2x2 or performing a DFT 
calculation with 944 atoms giving a minimum extra-framework oxygen concentration of 6.25%.  
Using molecular dynamics (MD) simulations may be a way of circumventing the atom number 
limitations of a program like VASP for finding out where the minimum extra-framework oxygen 
content for electron conduction lies. 
Figures 33 and 34 show a comparison between the literature and the DOS calculated for this 
work. While not exactly the same the features are similar.  The most important feature that is 
shown in both of these figures is the location of the edge valence band.  In Figures 33b and 34b 
the edge of the valence band can be seen as the red colored portion of the graph and the edge of 
the conduction band can be seen as the blue portion of the graph [22].  From this it can be seen 
that there is very good agreement between the DOS calculations performed for this study and the 
DOS calculations by Matsuishi et al. [22]. 
From figures 36-38 it can be seen that the narrow, double peak feature from the DOS 
calculations is the result of the p-orbitals of the extra-framework oxygen atoms.  As the number 
of extra-framework oxygen atoms is reduced the height of these peaks are diminished.  The 
height of these peaks is the density of states in arbitrary units.  This indicates that the double 
peak feature from -1.0 to 0.0 eV in Fig 30 is a result of the p-orbitals of the extra-framework 
oxygen atoms and not a result of the p-orbitals of the framework oxygen atoms.  As these extra-
framework oxygen atoms are stripped away the double peak height is diminished as the extra-
framework oxygen concentration diminishes, and finally vanished as all of the extra-framework 
oxygen atoms are removed. 
Figures 39 – 41 show the calculated band structure of all three mayenite structures.  The 
stoichiometric and fully reduced structures (Figs. 39 and 41) are shown with a comparison 
calculated band structure.  The only differences between the two calculated band structures in 
Figures 39 and 41 are the calculated figures labeled ‘a’ have had their points reversed.  Other 
than this there is little difference between the calculated band structures produced by Li et al. and 
the calculated band structures from this study [12]. 
The similarities between the stoichiometric and fully reduced mayenite systems suggest that the 
partially reduced structure, for which there is no calculated band structure for comparison, is 
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reasonable once the DOS calculation for the partially reduced structure (Fig. 31 and 32) is taken 
into consideration.  This finding indicates that as soon as the concentration of extra-framework 
oxygen atoms reaches 50% of the total possible extra-framework oxygen concentration then 
mayenite will conduct electrons.   
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CHAPTER V  
CONCLUSIONS AND RECOMMENDATIONS 
Conclusion 
This body of work is meant to setup future experimentation for mayenite.  The basis for 
improving conductivity while maintaining complete optical transparency in the visible spectrum 
comes from a complete understanding of the system.  By using this work as a guide other 
researchers can take this system and manipulate it as they see fit to attempt to improve certain 
characteristics.  This work also gives other researchers a simulated system to manipulate.  This 
system has been seen to agree with other researcher’s simulations and experimental physical 
structure, and as such it should be considered accurate at simulating differences in band structure 
[12], DOS [22], and physical structure [1].  By manipulating the simulated system other 
researchers should be able to test various dopants and configurations to see how the electronic 
properties and physical properties are altered.  This simulation should then lead to guided 
experimentation and allow future researchers to manipulate the C12A7 system with anticipated 
results.   
Recommendations 
Simulation of substitutional dopants should be carried out via ab-initio molecular dynamics 
(MD) simulation.  Ab-initio MD simulation would allow for the inclusion of more than 150 
atoms.  P. Sushko et al. used ab-initio MD to simulate a 944 atom system in order to get better 
results for the saddle point energies for the diffusion of oxygen through the C12A7 structure 
[18].  This simulation platform would allow for dopant concentrations of a magnitude that would 
be near what would be expected for low-level dopant concentrations (around 0.1% dopant in the 
system).   
Conventional VASP simulations could investigate using various clathrated dopants.  The 
inclusion of clathrated NH²⁻ [23], CN [24], Cl, and N [25] could all be simulated to see how 
these dopants affect the electronic structure of C12A7.  These clathrated dopants have all been 
studied for various reasons, but their effects on the electronic structure of C12A7 have not been 
documented and should be explored as these dopants could help define the operational 
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environment for C12A7 in the future.  Eg. if C12A7 can be made to be optically transparent and 
electrically conductive but allows water to be readily absorbed and thus negatively affect the 
electrical conductivity.  These scenarios could be simulated so that the operational environment 
can be defined without the need for elaborate laboratory equipment.   
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Figure 1: CaO-Al₂O₃ binary phase diagram.  This shows the position of the line compound 
C12A7, also known as mayenite, between compounds C3A and CA [PDFC #231, vol. 1]. 
 
Figure 2: A single cage found within mayenite with clathrated oxygen (shown in yellow) at its 
center.  The blue (non-axially coordinated) and green (axially coordinated) atoms are Ca, the 
purple atoms are Al, and the red (framework) and yellow (clathrated) atoms are O. 
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Figure 3: A single cage found within mayenite without clathrated oxygen at its center.  The blue 
(non-axially coordinated) and green (axially-coordinated) atoms are Ca, the purple atoms are Al, 
and the red atoms are framework O.  
 
Figure 4:  Schematic showing the band structure of an ‘ideal’ TCO.  Δw< 1.8eV,  
Δv≈Δc> 3.1eV [11]. 
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Figure 5: Two conjoined cages in C12A7.   
 
Figure 6: The interface between the two cages shown in Fig. 5.  a-d show the four diffusion 
paths associated with each of these inter-cage windows. Path ‘a’ is the only interstitial diffusion 
path available to an oxygen atom while paths ‘b-d’ are the three substitutional paths available to 
an oxygen atom. 
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Figure 7: Bond lengths for the atoms that comprise an individual cage.   
 
 
Figure 8: Tie-down Strap Design. 
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Figure 9: Bowl and Lid Design. 
 
Table 1:  Oxygen diffusion paths through mayenite.  Four paths for diffusion of oxygen atoms 
through the C12A7 structure as illustrated in Figs. 5 and 6, number of nearest Al atoms, and the 
energy required for the diffusion through a given path [18].   
Path Nearest Neighbor Al atoms Energy (eV) 
a 2 1.7 
b 2 1.2 
c 2 1.9 
d 1 1.0 
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Figure 10:  Histogram of the Reitveld refinement of the sample.  Phase 1 is C12A7, phase 2 is 
CA, and phase 3 is C3A. 
 
Figure 11: The weight fractions for each of the three compounds of interest.   Phase 1 is C12A7, 
phase 2 is CA, and phase 3 is C3A.   
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Figure 12: Schematic showing the IRFZ method of single crystal synthesis [20]. 
 
Figure 13: Sintered C12A7 + C3A rod before IRFZ processing. 
 
Figure 14: C12A7+C3A rod after the first stage of the IRFZ processing. 
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Figure 15: C12A7+C3A rod after the second stage of the IRFZ processing.  The swirl pattern is 
attributed to the differential counter rotation rates of the feed and seed rods.  The opaque left-
most portion of the rod has not been melted.   
 
Figure 16: Initial lattice constant vs. energy for stoichiometric mayenite (118 atoms).  The 
minimum calculated from the second order polynomial fit to the data is11.986 Å. 
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Figure 17: Refined lattice constant vs. energy calculation for stoichiometric mayenite (118 
atoms).  The minimum calculated from the second order polynomial fit to the data above is 
11.97988 Å. 
 
Figure 18:  Initial lattice constant vs. energy calculation for partially reduced mayenite (117 
atoms). 
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Figure 19: Refined lattice constant vs. energy calculation for partially reduced mayenite (117 
atoms).  The refined lattice constant calculated from the second order polynomial fit to the data 
above is 11.99395 Å or 0.12% larger than the stoichiometric structure (118 atoms). 
 
Figure 20:  Initial lattice constant vs. energy calculation for fully reduced mayenite (116 atoms).  
The minimum calculated from the second order polynomial fit to the data above is 12.0083 Å or 
0.24% larger than the stoichiometric structure (118 atoms). 
36 
 
 
Figure 21: Refined lattice constant vs. energy calculation for fully reduced mayenite (116 
atoms).  The final lattice constant calculated from the second order polynomial fit to the data 
above is 12.0076 Å or 0.23% larger than the stoichiometric structure. 
 
Figure 22: Initial relaxation of stoichiometric mayenite (118 atoms) using the HSE06 hybrid 
functional.  The minimum lattice constant calculated from the second order polynomial fit to the 
data above is 11.9986 Å, or 0.16% larger than the literature value.  There is an irregularity with 
the fifth point from the left.  The source of this irregularity has yet to be determined. 
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Figure 23: Initial relaxation of stoichiometric mayenite (118 atoms) using the GGA PE 
functional.  The minimum lattice constant calculated from the second order polynomial fit to the 
data above is12.099 Å or 1.00% larger than the literature value. 
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Figure 24: DOS calculation for stoichiometric mayenite (118 atoms) with a 6x6x6 KPOINT 
mesh. 
39 
 
 
Figure 25: DOS calculation for stoichiometric mayenite (118 atoms) with an 8x8x8 KPOINT 
mesh. 
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Figure 26: DOS calculation for stoichiometric mayenite (118 atoms) with 6x6x6 KPOINT mesh 
and a SIGMA value of 0.1. 
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Figure 27:  DOS calculation for stoichiometric mayenite (118 atoms) with 6x6x6 KPOINT mesh 
and a SIGMA value of 0.05. 
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Figure 28:  DOS calculation for stoichiometric mayenite (118 atoms) with 6x6x6 KPOINT mesh 
and a SIGMA value of 0.01. 
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Figure 29: DOS calculation for stoichiometric mayenite (118 atoms).  KPOINT mesh 8x8x8, 
SIGMA value 0.05, ISMEAR 0. 
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Figure 30:  DOS calculation for fully reduced mayenite (116 atoms).  KPOINT mesh 8x8x8, 
SIGMA value 0.05, ISMEAR 1. 
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Figure 31:  DOS calculation for partially reduced mayenite (117 atoms) using a KPOINT mesh 
of 8x8x8, SIGMA value 0.05, and ISMEAR = 0. 
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Figure 32:  DOS calculation for partially reduced mayenite (117 atoms) with a KPOINT mesh of 
8x8x8, SIGMA value 0.05, and ISMEAR = 1. 
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Figure 33:  Comparison of the DOS calculations to literature values.  a) The DOS calculated by 
VASP for stoichiometric mayenite (118 atoms) during this study compared to the b) the 
calculated DOS for stoichiometric mayenite by Matsuishi et al [22].  The band gaps shown in 
both 27a) and 27b) are on the order of 2 eV indicating that the results presented here are in good 
agreement with Matsuishi et al. [22]. 
 
Figure 34: Comparison of the DOS calculations to literature values.  a) The DOS calculated by 
VASP for fully reduced mayenite (116 atoms) during this study compared to the b) the 
calculated DOS for fully reduced mayenite by Matsuishi et al. [22]. 
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Figure 35:  DOS calculation for stoichiometric mayenite (118 atoms) showing the elements 
associated with the various electron orbitals responsible for each of the band features.  The Ca 
atoms are responsible for the core bonding; this is seen as the two peaks near -40.0 eV. 
 
Figure 36:  DOS calculation for stoichiometric mayenite (118 atoms) focusing on the narrow 
energy feature from 0.0 to -1.0 eV.  This figure illustrates that the double peak is the result of the 
p-orbitals of the oxygen atoms. 
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Figure 37: DOS calculation for partially reduced mayenite (117 atoms) focusing on the narrow 
feature from -2.0 to -3.0 eV.  Note that the height of the double peak relative to the feature 
around the 0.0 eV point is smaller compared to the feature in Figure 30. 
 
Figure 38: DOS calculation for fully reduced mayenite (116 atoms) showing the absence of the 
double peak feature around the 0.0 eV point. 
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Figure 39: a) Calculated band structure for stoichiometric mayenite (118 atoms). b) The 
calculated band structure from Li et al. [12].  The 0.0 eV line does not indicate the Fermi energy 
but the top of the valence band. 
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Figure 40:  Calculated band structure for partially reduced mayenite (117 atoms).  The 0.0 eV 
line now lies in the middle of a series of bands.  This indicates that the valence and conduction 
bands are continuous, or that partially reduced mayenite will act as an electron conductor.  This 
is consistent with the findings from the DOS calculations. 
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Figure 41:  a) Calculated band structure for fully reduced mayenite (116 atoms). b) The 
calculated band structure from Li et al. [12].  The 0.0 eV line now lies in the middle of a series of 
bands indicating that the valence and conduction bands are continuous similar to partially 
reduced mayenite, the fully reduced mayenite is an electron conductor. 
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